The final step in the biosynthesis of ,B-lactam antibiotics in Penicilium chrysogenum and AspergiUus nidulans involves removal of the L-a-aminoadipyl side chain from isopenicillin N (IPN) and exchange with a nonpolar side chain. The enzyme catalyzing this reaction, acyl-coenzyme A:isopenicillin N acyltransferase (acyltransferase), was purified from P. chrysogenum and A. nidulans. Based on NH2-terminal amino acid sequence information, the acyltransferase gene (penDE) from P. chrysogenum and A. nidulans were cloned. In both organisms, penDE was located immediately downstream from the isopenicillin N synthetase gene (pcbC) and consisted of four exons encoding an enzyme of 357 amino acids Over the last two decades, workers in several laboratories (1, 9, 10, 13, 14, 23) have investigated the production of semisynthetic penicillins in Penicillium chrysogenum by exchange of the a-aminoadipyl side chain of isopenicillin N (IPN), an obligate intermediate (18), with one of many acyl-coenzyme A (acylCoA) substituents derived from exogenously added monosubstituted acetic acids. In the absence of these derivatives, 6-aminopenicillanic acid (6-APA) production increases as well as penicillins with side chains derived from the endogenous monosubstituted acetic acids (e.g., penicillin G [PenG] from phenylacetic acid). Queener and Neuss (18) proposed a model (Fig. 1) for the conversion of IPN to penicillins and suggested the existence of a two-step enzymatic process. However, it has been unclear whether a single enzyme (acylCoA:6-APA acyltransferase [AT]) can directly accept IPN as a substrate and exchange side chains (i.e., it contains IPN amidolyase activity and is multifunctional).
Over the last two decades, workers in several laboratories (1, 9, 10, 13, 14, 23) have investigated the production of semisynthetic penicillins in Penicillium chrysogenum by exchange of the a-aminoadipyl side chain of isopenicillin N (IPN), an obligate intermediate (18) , with one of many acyl-coenzyme A (acylCoA) substituents derived from exogenously added monosubstituted acetic acids. In the absence of these derivatives, 6-aminopenicillanic acid (6-APA) production increases as well as penicillins with side chains derived from the endogenous monosubstituted acetic acids (e.g., penicillin G [PenG] from phenylacetic acid). Queener and Neuss (18) proposed a model ( Fig. 1) for the conversion of IPN to penicillins and suggested the existence of a two-step enzymatic process. However, it has been unclear whether a single enzyme (acylCoA:6-APA acyltransferase [AT]) can directly accept IPN as a substrate and exchange side chains (i.e., it contains IPN amidolyase activity and is multifunctional).
Alvarez et al. (2) and Alonso et al. (1) have independently purified AT to apparent homogeneity as a monomeric protein with an Mr of approximately 29,000 as judged by gel chromatography. However, the latter authors did not report activity with IPN, and the former found that the specific activity with IPN was nearly sevenfold lower than with 6-APA, even in the crude extract. Luengo et al. (13) also reported that 40-fold-purified AT could not use IPN as a substrate. They suggested lack of unspecified catalytic requirements, disorganization of a functional system, or absence of IPN substrate specificity. Therefore, the reaction to produce nonpolar penicillins and the enzyme(s) necessary for this activity remained unclear.
Recently, Veenstra et al. (24) and Barredo et al. (3) , using the N-terminal amino acid sequence of the putative AT protein (29 kilodaltons [kDa]) from P. chrysogenum, generated a mixed oligonucleotide probe and cloned DNA that complemented mutants of P. chrysogenum Wis54-1255 (2) . These mutants were reported to have little or no AT activity. By further molecular characterization, the code for the 29-kDa protein was demonstrated in the DNA sequence. The N-terminal sequence of an 11-kDa protein that was present after a several-hundred-fold purification of the 29-kDa protein was also encoded in the cloned DNA sequence (24, 25a) .
Moreover, the gene coding for IPN synthetase (pcbC [5] ) in P. chrysogenum is also closely linked to penDE (8, 24) . Sequence and preliminary transcription analysis indicated that penDE contains introns and could code for a polypeptide of 40 kDa. Following DNA sequence analysis, it was proposed that penDE contains three introns (two determined by amino acid sequencing that spanned intron-exon junctions) and encodes a 357-amino-acid polypeptide. The resultant 40-kDa protein was proposed to be processed to an active 29-kDa enzyme (3) .
The N-termini of the 29-kDa and 11-kDa proteins from a highly purified preparation of P. chrysogenum AT were independently purified and sequenced (25a). Using a singleoligonucleotide probe, we have isolated and characterized genomic sequences from Aspergillus nidulans and a production strain of P. chrysogenum. We report the sequence of penDE from A. nidulans and confirm the P. chrysogenum penDE sequence. As in P. chrysogenum, penDE from A. nidulans is closely linked to pcbC. Also, using polymerase chain reaction (PCR) technology, we have cloned and ex- pressed, in Escherichia coli, P. chrysogenum penDE cDNA coding for the 40-kDa polypeptide. Bioassays to detect both the acylCoA:6-APA AT and the acylCoA:IPN AT activities were performed on crude extracts of the foreign host.
MATERIALS AND METHODS
Microorganisms, media, and growth conditions. E. coli L201 and RRlAM15 were grown in YT broth (16) supplemented with either tetracycline (5 ,ug/ml), ampicillin (80 ,ug/ml), or apramycin (100 p.g/ml) under standard conditions (16) , except as noted. Micrococcus luteus ATCC 9341 and Staphylococcus aureus NCTC 6571, grown by standard microbiological techniques, were used in AT bioassays to monitor the formation of PenG. P. chrysogenum OM6-232-12, a high producer of penicillin, was grown as described previously (19) .
Molecular biological techniques. DNA techniques followed standard procedures (15) . Hybond-N (Amersham) was used according to the protocols of the manufacturer for Southern and Northern (RNA blot) analyses. Total P. chrysogenum RNA was purified by using guanidinium thiocyanate, followed by centrifugation over a cesium chloride cushion (6 kbp XbaI-HpaI fragment containing the 5' portion of the penDE cDNA and without base errors was isolated from pOW233. The 2.8-kbp HpaI-BamHI fragment containing the 3' portion ofpenDE was isolated from pOW1055. These two DNA fragments were ligated into pUC19, creating plasmid pOW1068. From this plasmid, intact P. chrysogenum penDE was isolated on a 3.2-kbp NdeI-BamHI fragment and cloned as above, creating pOW233A. E. coli L201 cells containing pOW233 or pOW233A were induced and examined under phase-contrast microscopy for the appearance of granules. Cell extracts were prepared as described previously (21) and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). AcylCoA:6-APA AT assay. After induction for AT production, a 250-ml culture of E. coli L201 containing pOW233 or pOW233A was harvested by centrifugation. Cell pellets (1 g) were suspended in 3 ml of solution A (26 mM Tris [pH 7.4], 1 mM EDTA, 5 mM dithiothreitol) plus lysozyme (2 mg/ml). Cells were broken by sonication on ice with six 20-s pulses with a cell disruptor (model 200; Branson Sonic Power Co., Danbury, Conn.) with a microtip. Cell sonicates were used directly in the acylCoA:6-APA AT assay. The final reaction mix (0.5 ml) contained 0.2 mM phenylacetyl-CoA (lithium salt; Sigma; catalog no. P-2153), 0.25 mM 6-APA, 50 mM Tris (pH 7.6), 5 mM dithiothreitol, and 0.3 ml of cell sonicate. The reaction was incubated at 30°C for 1 h. Portions of the reaction mixture diluted 1:20, 1:10, and 1:4 with solution A were assayed by the hole-plate method (4). Wells (9-mm diameter) in an agar plate (2x YT [16] , 1.5% agar) impregnated with M. luteus were filled with 0.1 ml of the diluted sample. The plates were placed at 4°C for 30 min and incubated at 37°C for 16 h. A clear zone around the well indicated the presence of a compound(s) having antimicrobial activity.
AcylCoA:IPN AT assay. Assay conditions for the detection of PenG produced from IPN were similar to those for the conversion of 6-APA to PenG, except the reaction contained 1 mM IPN instead of 6-APA. Portions of the reaction mixture were diluted 1:100, 1:20, and 1:10 with solution A. Wells in an agar plate impregnated with S. aureus were filled with 0.1 ml of the diluted sample and incubated as described above.
RESULTS
Identification of penDE in P. chrysogenum and A. nidulans. (i) P. chrysogenum penDE. P. chrysogenum AT has been purified to apparent homogeneity. Whiteman et al. (25a) have indicated that the enzyme is active as a heterodimer with subunits of 29 and 11 kDa. Amino acid analysis of the 29-kDa protein N-terminus was used to synthesize an oligonucleotide hybridization probe. This probe was used to characterize restriction fragments cloned originally from P. chrysogenum that contain pcbC (5) and sequences downstream known to contain penDE (24) . A 5.2-kbp BamHI fragment from pOW1055 contains the 3' portion ofpcbC and downstream sequences. By DNA sequence analysis, the 2.5 kbp downstream of pcbC was found to encode the N-terminal sequences of the 11-kDa and 29-kDa proteins, and this confirmed the linkage of penDE to pcbC. Transcription of pcbC and penDE was in the same direction, and the region between them was approximately 1.5 kbp.
(ii) A. nidulans penDE. Preliminary data indicated that the AT protein from A. nidulans was similar to the enzyme from P. chrysogenum, including the N-terminal sequence of the 29-kDa polypeptide (25a). A HindIII-EcoRI restriction fragment from pXL2 located downstream from pcbC in P. chrysogenum (5) and the oligonucleotide described for Penicillium penDE were used to screen clones containing DNA downstream from pcbC (25) . Hybridization and restriction analysis located penDE downstream from pcbC, and DNA blot and sequence analysis of the region downstream of pcbC indicated that the 4.5-kbp HindIII fragment in pOGO4 contained both pcbC and penDE (Fig. 2) . A. nidulans pcbC and penDE were transcribed in the same direction, and the region between them was approximately 0.8 kbp. The genomic DNA sequence and the corresponding amino acid sequence of the A. nidulans penDE are shown in Fig. 3 .
(iil) Fungal penDE comparison. In A. nidulans, the region between pcbC and penDE was smaller (-0.8 kbp) than the corresponding region in P. chrysogenum (-1.5 kbp [5, 8; M. B. Tobin, unpublished observation), and no similarities were evident. Comparison of the genomic DNAs and the potential open reading frames showed that the penDE genes from these fungi were colinear. The amino acid sequence of the 29-and 11-kDa proteins from P. chrysogenum crossed the intron-exon boundaries (3, 25a) . Intron lengths fell within expected limits for fungi, and splice junction sites in both genes conformed to the consensus sequences for fungal genes (20) . Possible branch sites were less similar. Otherwise, the introns had no obvious similarities. Overall, the penDE DNA coding sequences from P. chrysogenum and A. nidulans were -72.9% identical. The highest similarity was observed in the third exon, which spans the junction of the reading frames for the 11-kDa and 29-kDa polypeptides (78.3%); the lowest similarity was in exon 2 (70.9%).
A comparison of the predicted amino acid sequences between the two 40-kDa polypeptides is presented in Fig. 4 . The protein-coding sequences were colinear with a predicted size of 357 amino acids, and they were 76.5% identical at the (20) . A possible polyadenylation signal 3' to the open reading frame is also overlined. amino acid level. Again, exon 3 had the highest similarity, with 88% identical residues; exon 2 was 64.4% identical.
Cloning of the P. chrysogenum penDE cDNA and production of a 40-kDa protein in E. coli. RNA blot analyses indicated that the message coding for the AT in P. chrysogenum is approximately 1.4 kb (3, 24; M. B. Tobin, unpublished observation). Verification of intron splice sites and production of the 40-kDa AT protein encoded by the P. chrysogenum penDE in E. coli were accomplished by reverse transcribing the message and amplifying the cDNA by PCR technology. Oligonucleotide primers were used to amplify a 1.1-kbp DNA fragment with terminal sequences that would generate BamHI recognition sites on the ends and an NdeI site at the translation initiation codon. This fragment was generated by PCR and cloned into pUC19, creating the plasmid pOW1067. The NdeI-BamHI fragment from pOW1067 containing penDE was subsequently subcloned into an E. coli expression vector containing the k PL promoter, creating pOW233. E. coli L201 cells containing this plasmid were induced for protein production (12, 21) . After 6 h, protein-containing granules were observed by phasecontrast microscopy. Cells were solubilized and analyzed by SDS-PAGE. A 40-kDa protein was produced in excess (data not shown). However, no acylCoA:6-APA AT activity could be detected in the AT bioassay (see below). Sequencing of the PCR-generated coding DNA uncovered four nucleotide changes compared with the genomic sequence in pOW1055. Each base mutation resulted in an amino acid substitution. Since all of these mutations occurred in the 3' portion of the gene (distal to all intron splice junction sites), it was possible to exchange the mutated fragment with its genomic counterpart. The 5' portion of the penDE cDNA (containing no mutations and all intron-exon splice junctions) was isolated on a 0.4-kbp XbaI-HpaI fragment from pOW233 and ligated to the 2.8-kbp HpaI-BamHI fragment containing the 3' portion of penDE isolated from pOW1055. After directionally cloning these fragments and confirming the construction in a pUC-based plasmid, the AT coding sequence was cloned into a A pL-based vector and transformed into E. coli L201. The tetracycline-resistant AT expression plasmid pOW233A is shown in Fig. 5A .
After E. coli L201(pOW233A) cultures were induced for 6 h at 42°C, cells were lysed and proteins were characterized by SDS-PAGE. Induced cultures produced a plasmid-specific protein with an apparent Mr of 40,000 (Fig. SB ). An additional protein with an apparent Mr of 29,000 was also observed in these samples. Electroelution and microsequencing of this protein band showed that its N-terminus was the same as that of the 40-kDa protein (data not shown).
AT activity in E. coli. Bioassays of E. coli L201(pOW233A) sonicates were performed. Bioassays were also conducted on induced E. coli cell sonicates of L201 containing no plasmid, L201(pOW233), and heat-treated sonicates of L201(pOW233A). Of these, only L201(pOW233A) had acylCoA:6-APA AT activity (Fig. 6A, plate I) . The antimicrobial activity of L201(pOW233A) cell extract was inactivated by heat and penicillinase (Fig. 6A , plates Ib and II), and the zones of inhibition were not due to endogenous 6-APA in the reaction mix (Fig. 6A, plate III) . Due to the hypersensitivity of M. luteus to IPN, S. aureus is the organism of choice in the acylCoA:IPN AT bioassay (S. Queener, personal communication). If diluted appropriately before plating, growth inhibition associated with the presence of substrate IPN is eliminated. However, the concentration of PenG produced in the reaction mix remained sufficient to inhibit growth of the indicator organism (Fig. 6B , compare plate Ta with III).
The concentration of PenG increased over time in both acylCoA:IPN AT and acylCoA:6-APA AT assays containing the L201(pOW233A) cell sonicate.
DISCUSSION
We have compared the DNA and amino acid sequences for penDE coding for AT activity from P. chrysogenum and A. nidulans. The gene codes for a polypeptide of 357 residues, and unlike all previously cloned ,-lactam biosynthetic genes, penDE contains three introns (3; this report). DNA and protein alignments show that the two genes are colinear within the protein-coding regions, with about 73 and 76% similarities at the DNA and amino acid levels, respectively. The intron splice sites and AT protein-coding region from P. chrysogenum were confirmed (and from A. nidulans were inferred) by DNA sequencing of penDE cDNA made from mRNA by reverse transcription and PCR amplification.
One explanation for the degree 6f identity observed for penDE and linkage with other genes of the P-lactam pathway is that P. chrysogenum and A. nidulans arose from a common ancestor in which the gene cluster had been established (22) . Therefore, the fungal pcbC genes also show a similar pattern of relatedness (5, 11, 25 Barredo et al. (3) which amino acid is the N-terminus of the 29-kDa protein. They report that Leu-110 is the seventh amino acid from the N-terminus, yet cleavage into the 29-and 11-kDa species is indicated to occur between Asp-101 and Gly-102. They also report that the two species contain 102 and 255 amino acid residues, respectively. Without the C-terminus sequence of the 11-kDa protein and other biochemical data, processing of the 40-kDa species remains to be elucidated. The Mrs and the number of residues for the AT subunits given here are based on a single processing event. The sizes estimated by gel chromatography (25a) are consistent with this assumption, but we cannot preclude the possibility of exopeptidase activity that could remove a few residues from either the C-terminus of the 11-kDa species or N-terminus of the 29-kDa subunit.
The AT in E. coli has amidolyase activity (Fig. 6B) . It is intriguing to speculate that this same activity is also responsible for the cleavage of the 40-kDa protein. The putative processing site (Asp-Gly-Cys) might resemble the amide bond cleaved in IPN that would be derived from the dipeptide L-ot-aminoadipyl-L-cysteine. Thus, autoproteolysis may be possible, and processing would occur without specific host factors.
In this report, we describe the production of P. chrysogenum AT in E. coli. Cell sonicates from a recombinant organism contained an enzyme having acylCoA:IPN AT and acylCoA:6-APA AT activities, as determined by bioassay. SDS-PAGE analysis verified the presence of a plasmidexpressed 40-kDa polypeptide. The 29-kDa protein also appearing in crude extracts from induced cultures of L201(pOW233A) (Fig. 5B, lane 2 ) was sequenced and found to start with the N-terminus of the 40-kDa protein (M. B. Tobin, unpublished observation). Thus, the 29-kDa protein produced in E. coli L201(pOW233A) is not a result of the autoproteolytic processing suggested above. We are currently attempting to correlate the activity of recombinantly produced AT with the proteins in this preparation.
Together with recent findings (25a), our results suggest that the conversion of IPN to PenG in P. chrysogenum and A. nidulans is catalyzed by a single enzyme of 40 kDa; this consists of two subunits of 11 and 29 kDa, both derived from the same 40-kDa preprotein in a posttranslational event. We are presently determining whether the 40-kDa protein possesses amidolyase activity, acylCoA:6-APA AT activity, or both (acylCoA:IPN AT). immunoblot analysis only with the 40-kDa species from E. coli and the 29-kDa species from P. chrysogenum.
Martin and his colleagues (17) , by complementing AT mutants of P. chrysogenum, have cloned and sequenced the penDE from A. nidulans.
